The present studies explore multivalent ligand-receptor interactions between pentameric cholera toxin B subunits (CTB) and the corresponding membrane ligand, ganglioside GM1. CTB binding was monitored on supported phospholipid bilayers coated on the walls and floors of microfluidic channels. Measurements were made by total internal reflection fluorescence microscopy (TIRFM). Apparent dissociation constants were extracted by fitting the binding data to both the Hill-Waud and Langmuir adsorption isotherm equations. Studies of the effect of ligand density on multivalent CTB-GM 1 interactions revealed that binding weakened with increasing GM1 density from 0.02 mol % to 10.0 mol %. Such a result could be explained by the clustering of GM1 on the supported phospholipid membranes, which in turn inhibited the binding of CTB. Atomic force microscopy (AFM) experiments directly verified GM1 clustering within the supported POPC bilayers.
Introduction
Multivalent ligand-receptor interactions are frequently utilized by nature because their properties can be remarkably different from the corresponding monovalent recognition events. For example, multivalent interactions can achieve tighter binding, enhance receptor selectivity, induce receptor clustering on cell surfaces, and control signal transduction within cells. 1 A great diversity of biological processes including cell signaling 2 and cell-pathogen interactions 3-5 are associated with multivalent ligand-receptor binding. The recognition of cholera toxin (CT) by ganglioside GM 1 is considered to be a paradigm of multivalent carbohydrate-protein binding. 6 Understanding the underlying physical chemistry of this model system should therefore lead to a better appreciation of multivalent binding phenomena and may provide insight into strategies for inhibitory drug design. 1, 3, 7, 8 Cholera toxin is a member of the AB 5 class of cytotoxins. It is composed of a catalytically active A subunit and doughnutshaped homopentameric B subunits that recognize and bind to the pentasaccharide moiety of GM 1 on the cell's membrane. The interaction of cholera toxin or its pentameric B-subunits with GM 1 has been investigated by using a variety of techniques.
125 I-labeled CT was first utilized to study binding on isolated fat cells and liver membranes, 9,10 and intestinal cells. 11 Thermodynamic data were obtained by isothermal titration calorimetry. 12,13 Surface plasmon resonance was used to obtain the kinetics of CTB binding to GM 1 in supported bilayers 14, 15 and in vesicles. 16, 17 Other diagnostic methods used to explore CTB-GM 1 binding include quartz crystal microbalance analysis, 18 flow cytometry, 19 fluoroimmunoassays, 20 fluorescence resonance energy transfer, 21 atomic force microscopy, 22 and a novel colloid phase transition method. 23, 24 The buffer conditions, temperatures, ionic strengths, and membrane chemistries varied among the different experiments. Accordingly, the measured values for the apparent dissociation constant, K Dapp , ranged from 4.55 pM 15 on the low end to 41 nM 23 and even 370 nM 25 on the high end. In multivalent binding systems ligand density is a key parameter since it affects ligand distribution and interligand distance. 1, 3, 8, 26, 27 We previously showed that K Dapp for an antibody-antigen binding system tightened by a factor of ∼12 as the ligand density increased from 0.1 to 5.0 mol % in a supported phospholipid membrane. 28 The hapten was a dinitrophenyl (DNP) moiety covalently conjugated to the headgroup of a phospholipid, which was recognized by an anti-DNP IgG. The change in K Dapp with ligand density could be predicted extremely well by taking into account the dissociation constants for the individual steps in a sequential binding model:
where K D1 and K D2 are the equilibrium dissociation constants for the first and second binding events, respectively, and [L] s is the surface density of the ligands in the lipid bilayer.
Beyond bivalent binding, very little work has been done to probe the effect of membrane ligand density for the binding of proteins with multiple binding pockets. Indeed, the thermodynamics and kinetics of CTB-GM 1 binding have typically been studied at only one or a few ligand densities at a time. Curiously, MacKenzie et al. 16 showed data that indicated approximately 4 times tighter apparent binding of CTB to liposomes containing 2.0 mol % GM 1 than for those containing 4.0 mol % GM 1 . Lencer et al. 29 investigated cholera toxin binding to an intestinal microvillus membrane during development, that possessed different GM 1 ligand densities. In that case, the binding also appeared to be stronger at lower ligand density. These results led us to hypothesize that a systematic study of multivalent CTB-GM 1 binding over a range of GM 1 concentrations could reveal that a binding mechanism different from that in the simple case of the bivalent ligand-receptor interaction of the DNP/ anti-DNP system was at work.
Herein, a series of binding experiments were performed within microfluidic channels coated with 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC) bilayers containing GM 1 . The ganglioside density in the membrane was varied from 0.02 to 10.0 mol %. The results showed that the binding of CTB was continuously weakened as the ligand density was increased. Atomic force microscopy (AFM) studies revealed GM 1 clustering on the phospholipid membranes, which became more pronounced at increased GM 1 densities. On the basis of these observations, it is suggested that CTB binding to GM 1 is inhibited by the clustering of the glycolipid within the phospholipid membrane (Figure 1 ).
Experimental Section
Materials. Ganglioside GM1 (brain, ovine-ammonium salt) and POPC were obtained from Avanti Polar Lipids (Alabaster, AL). Texas Red-DHPE and rabbit IgG antibodies were purchased from Molecular Probes, Inc. (Eugene, OR). CTB from Vibrio cholerae was purchased from Sigma-Aldrich. The CTB was labeled with Alexa Fluor-594 dye by using a standard protein-labeling kit (A10239, Molecular Probes, Eugene, OR). Labeling yielded ∼0.8 fluorophores per protein as determined by UV/vis absorption spectroscopy. The dye-labeled protein was stored in a phosphate buffered saline (PBS) solution containing 10 mM sodium phosphate, 150 mM NaCl, and 0.2 mM sodium azide. The pH of the PBS was set to 7.2 by dropwise addition of 2.0 M NaOH. The same buffer was also used for vesicle preparation and the successive dilution of protein solutions. Purified water for these experiments came from a NANOpure Ultrapure Water System (18.2 MΩ·cm, Barnstead, Dubuque, IA).
Microfluidic Device Fabrication. We employed microfluidic devices and total internal reflection fluorescence microscopy to study CTB-GM 1 interactions using our previously established methods.
28,30
The devices were made from planar borosilicate glass substrates and lithographically patterned polydimethylsiloxane (PDMS) molds. The devices afforded high throughput capabilities and had extremely low sample consumption compared with traditional analytical tools. Ad- 
Cholera Toxin Binding Inhibited by GM1 Clustering A R T I C L E S ditionally, the glass and PDMS surfaces served as good supports for fluid phospholipid bilayers. 31 Lipid mobility was preserved because a thin water layer (∼1 nm thick) 32 was trapped between the phospholipid bilayer and the underlying solid surface. Lipid molecules in the membrane were thus able to diffuse laterally to accommodate multivalent interactions. The seven-channel microfluidic devices used in these experiments were fabricated by soft lithographic techniques. 30, 33 In a first step, microfluidic channels were designed with Corel Draw software (Version 9, Corel Corp.). By printing out the design and transferring it onto black and white high-contrast Kodak technical pan film, the image could be used as a photomask for photolithography. Soda-lime glass slides were cleaned in hot surfactant solution (ICN x7 detergent, Costa Mesa, CA) for 1 h, rinsed with copious amounts of purified water, and dried with nitrogen gas. Next, the glass slides were coated with a thin layer of hexamethyldisilazane (HMDS) to improve adhesion of the photoresist to the glass surface, 34 followed by spin coating with Shipley 1827 photoresist. The substrates were then exposed to UV light through the photomask and treated with developing solution. After baking the photoresist/glass systems at 120°C overnight, the substrates were immersed in buffered oxide etchant (BOE) in an ultrasonic bath to etch the glass. After etching, the remaining photoresist was removed with ethanol. PDMS was then poured over the glass masters and cured. The elastomeric molds were carefully peeled off, washed with ethanol and purified water, and dried under a stream of nitrogen. In the penultimate step, the molds were treated in an oxygen plasma for 30 s along with clean planar borosilicate glass substrates. It should be noted that the borosilicate substrates had been previously cleaned in a boiling 1:3 solution of ICN x7 detergent and purified water. Then the substrates were rinsed with copious amounts of purified water, dried with nitrogen, and annealed in a kiln at 480°C for 5 h before introduction into the oxygen plasma. Finally, the PDMS molds and glass substrates were brought into contact immediately after oxygen plasma treatment to create finished microfluidic devices.
Preparation of Small Unilamellar Vesicles and Bilayer Formation. Small unilamellar vesicles (SUVs) were prepared by vesicle extrusion. 30, 35, 36 Lipids dissolved in chloroform were dried under a stream of nitrogen followed by overnight vacuum desiccation. Next, the lipids were rehydrated in PBS buffer (pH 7.2). After five freezethaw cycles, the vesicles were extruded more than seven times through a polycarbonate filter (Whatman) containing 50-nm pores. SUVs prepared by this method were 70 ( 10 nm in diameter as determined by dynamic light scattering with a Brookhaven Instruments 90Plus Particle Size Analyzer.
For bilayer formation, 5 µL of a 2.5 mg/mL SUV solution were injected through each inlet port of the linear array microfluidic device. The solution was introduced immediately after plasma treatment and bonding of the PDMS/glass microfluidic platform to ensure that the surfaces remained hydrophilic. Vesicle fusion occurred on both the PDMS walls and the glass substrate to form a continuous lipid bilayer coating as has been previously reported. 37 The incubation time for bilayer formation was 1 h. The microchannels were rinsed with PBS buffer to remove excess vesicles. Fluorescence recovery after photobleaching (FRAP) 38,39 was employed to verify the quality of the supported bilayers on the glass surfaces from which all binding data were obtained.
All solid-supported membranes were made from the fusion of POPC vesicles containing a series of GM1 concentrations from 0 to 10.0 mol %. The distribution of GM1 between the upper and lower leaflets of the supported bilayers was tested and found to be the same within experimental error using methods developed by Parikh and coworkers. 40 These data are provided in the Supporting Information. Before the injection of protein solution, the bilayer-coated microchannels were incubated with a 0.5 mg/mL rabbit IgG antibody solution for 30 min to block defect sites in the membrane and thereby suppress nonspecific adsorption of CTB.
Epifluorescence Microscopy and TIRFM. To check the quality and fluidity of supported GM1/POPC bilayers, FRAP studies were conducted using an inverted epifluorescence Nikon Eclipse TE2000-U microscope with a 10× objective. Laser radiation from a 2.5 W mixed gas Ar + /K + laser (Stabilite 2018, Spectra Physics) was used to bleach the lipid bilayer samples. FRAP images were obtained with a MicroMax 1024b CCD camera (Princeton Instruments). Total internal reflection fluorescence microscopy (TIRFM), 41, 42 which can discriminate between dye-labeled CTB molecules bound to the supported membrane and those in the bulk solution, was employed for the determination of binding isotherms. In this case the fluorescence images were obtained with a Nikon E800 fluorescence microscope using a 4× objective. In the TIRFM experiments, a 594-nm helium-neon laser beam (4 mW, Uniphase, Manteca, CA) was passed through a dove prism that was optically coupled to the bottom of the borosilicate substrate of the microfluidic device by index matching immersion oil. Alexa 594-labeled CTB solutions were simultaneously flowed through each channel at various concentrations at a rate of 0.2 µL/min by a Harvard PHD 2000 syringe pump (Harvard Apparatus, Holliston, MA). The helium-neon laser beam was telescoped out by a line generator lens (BK7 for 30°, Edmund Optics, Barrington, NJ) to create a uniform intensity profile across the microchannel array. As the laser illuminated the interface between the bilayer-coated glass substrate and the bulk aqueous solution, it was totally internally reflected, creating an evanescent wave above the interface. The evanescent wave decayed exponentially to its 1/e value by ∼70 nm above the interface under the experiment conditions employed here. 30, 43 This allowed the proteins bound to the supported lipid bilayer to be studied with high specificity. The TIRFM images were captured with a Micromax 1024b CCD camera, collected using Metamorph software (Universal Imaging Corp.), and transferred to Sigma Plot for further processing. Measurements of thermodynamic binding constants were made only after the fluorescence intensity from the interface reached equilibrium. This took up to 6 h at the lowest protein concentrations.
Atomic Force Microscopy. AFM images of supported lipid bilayers were acquired with a Nanoscope IIIa Multimode SPM (Digital Instruments, Santa Barbara, CA) equipped with a J-type scanner. POPC bilayers samples were probed with 0.0, 0.1, 0.5, 1.0, 3.0, 5.0, and 10.0 mol % GM 1. The experimental conditions were identical to those used in the microfluidic devices except for the fact that the PDMS mold above the glass surface was absent. Instead, the bilayer-coated borosilicate glass served as the bottom of a standard AFM liquid sample cell. All images were obtained in fluid contact mode at a scan rate of 2.0 Hz using oxide-sharpened DNP-S1 silicon nitride probes (spring constant: 0.06 N/m; Veeco Probes, Santa Barbara, CA). The only treatment applied to the images was flattening. GM1 domains were judged to be present on the POPC bilayer surface when the feature height exceeded 1.0 nm above the membrane background. In this case, the nominal width of a domain was taken from the point where the feature height first began to rise above the background level and ended when it returned to background level. To abstract more quantitative information on the GM 1 cluster size, a standard deconvolution method was employed. 44, 45 For this purpose a nominal AFM tip radius of 10 nm was assumed (according to the manufacturer's specifications), and a headgroup height of 1.0 nm for the GM1 features was also employed. Under these conditions, the sizes of the GM1 clusters, which had nominal mean diameters between 16.1 and 28.3 nm, were reduced by 8.8 nm to take tip-sample convolution effects into account.
Results
A schematic representation of the lipid-coated PDMS microchannels bonded to a planar glass support is shown in Figure  2a . GM 1 /POPC bilayers were coated over the entire surface (shown in green). The surface binding process was monitored by TIRFM as a function of time until the fluorescence intensity remained constant. A typical TIRF image is shown in Figure  2b . In this case the bulk CTB concentration ranged from 6.0 to 0.090 nM (left to right). Control experiments were conducted under the same conditions without GM 1 in the POPC membrane. Under these conditions, virtually no background fluorescence signal was observed, as the bulk protein concentrations were so low. 19, 22 Intensity profiles across the TIRF image (dotted red line in Figure 2b ) were employed to obtain quantitative binding data.
In a first set of experiments, solid-supported POPC bilayers containing 0.05, 0.5, and 5.0 mol % GM 1 were prepared in separate parallel arrays of microfluidic channels and tested for CTB binding (Figure 3) . In order to abstract equilibrium dissociation constants, the CTB-GM 1 binding curves were fit to both the Langmuir isotherm (eq 2) and Hill-Waud (eq 3) binding models: 29 where F is the fluorescence intensity from surface-bound proteins, F max is the maximum fluorescence intensity when proteins completely saturate the bilayer surface, [P] is the bulk CTB concentration, K d and K H are the apparent equilibrium dissociation constants for the respective models, and n is the Hill coefficient of cooperativity. 29 Table 1 . As can be seen, as the GM 1 density was increased, the Hill coefficient, n, deviated ever further from 1.0 and K H became significantly different from K d . At the lowest GM 1 density, however, K d and K H were indistinguishable within experimental error and the Hill coefficient approached 1.0. This suggests that CTB binds cooperatively to GM 1 at high ligand densities. Such a finding is in agreement with previous observations. 12,13,25,29 More significantly, the apparent equilibrium dissociation constant continuously weakened with increasing ligand density.
The K H values as a function of GM 1 concentration in the POPC bilayer from Table 1 are plotted in Figure 4 . As can be seen, the data do not show a linear trend as a function of ligand density. Rather, the apparent dissociation constant weakens more sharply as a function of concentration at low GM 1 concentrations, but begins to level out at higher concentrations. The curve shape is reminiscent of a binding isotherm. Two possible origins for this phenomenon need to be considered. First, one might hypothesize that the weakening of the binding could be caused by clustering of the GM 1 lipids. Alternatively, the weakening of K H might be the result of electrostatic repulsion between the negatively charged CTB and the increasingly negatively charged membrane as the ligand density is increased (note: each GM 1 headgroup has a charge of -1). 15 To investigate GM 1 clustering, AFM experiments were performed as a function of GM 1 concentration in supported POPC bilayers in the absence of CTB. A pure POPC membrane was imaged first as a control (Figure 5a ). As expected, the membrane looked relatively flat and featureless. By contrast, systems containing 0.5 mol % GM 1 (Figure 5b ) and 5.0 mol % GM 1 (Figure 5c ) contained ∼1.0-2.0 nm high features which are consistent with the presence of GM 1 . 48 In fact, the height of the GM 1 pentasacchride headgroup has been measured by X-ray diffraction and is consistent with this finding. 49,50 AFM images of POPC bilayers containing 0.1, 1.0, 3.0, and 10.0 mol % GM 1 are provided in the Supporting Information. The apparent size of the domains in these images ranged from approximately 15 to 60 nm. Consistent with expectations, these domains were more prevalent at high GM 1 density (e.g., 5.0 mol %) than at low density (e.g., 0.5 mol %).
To quantify the domain size distribution in the POPC bilayers, the approximate diameter of the GM 1 domains were measured and counted from four independent 500 nm × 500 nm AFM micrographs at each ligand density. Histograms for the number of GM 1 domains as a function of apparent cluster size at 0.5 mol % and 5.0 mol % are provided in Figure 6 . Additional histograms for GM 1 densities between 0.1 mol % and 10.0 mol % are provided in the Supporting Information. As can be seen from Figures 5 and 6, GM 1 clustering within the POPC bilayers became more pronounced at increased GM 1 densities. The mean domain size after deconvolution at 0.5 mol % was 11.0 nm, and this value rose to 18.6 nm for 5.0 mol % GM 1 . In fact, the mean domain size continually shifted from ∼7 nm to ∼20 nm as the GM 1 density was increased from 0.1 mol % to 10.0 mol % (Table 2) .
To further elucidate the binding mechanism as a function of ligand density, the shape of the K H vs GM 1 ligand density curve shown in Figure 4 needs to be considered. As mentioned above, the curve shape is reminiscent of a binding isotherm. Treating the curve in this manner requires that the y-axis be considered in a fashion analogous to a fractional coverage of available sites. This was achieved by fitting the data in Figure 4 to a binding isotherm equation:
This allows the y intercept (y 0 at x ) 0) and the maximum value (y max at x ) ∞) to be obtained. By offsetting y 0 to 0 and normalizing y max to equal 1, the y-axis essentially becomes analogous to a surface coverage. On the other hand, the x-axis must be treated as a two-dimensional concentration. This can be done by noting that 1.0 mol % GM 1 is equivalent to a number density of 0.237 nmol/dm 2 (assuming an average area per POPC lipid of ∼0.7 nm 2 ). 51 Number density units of square decimeters 
rather than square meters are employed in analogy to molar units which are mol/dm 3 . Doing this produces an equation in the form:
where f is a unitless fraction which ranges from 0 to 1. [L] s is the two-dimensional number density of the glycolipid. The subscript, s, is used to denote the fact that this is a surface concentration. B s is the apparent two-dimensional dissociation constant which also has units of mol/dm 2 . The value of f approaches zero if all of the glycolipids are separated from one another and reaches 1.0 when they are completely clustered. A fit to the data is shown in Figure 7a . The abstracted parameter, B s ) 0.50 nmol/dm 2 , is a remarkably good fit to the data (R 2 ) 0.99). This would imply that half of the ganglioside molecules are clustered at 2.1 mol % GM 1 in the POPC membrane. The abstracted value of B s for GM 1 clustering should be compared with the AFM data in Table 2 . To do this, the square of the mean domain diameter, Φ 2 , is plotted as a function of GM 1 density in Figure 7b . Φ 2 was chosen instead of Φ because it is proportional to the area of the GM 1 domains and, hence, to the number of glycolipids. By fitting the domain area data to a Langmuir isotherm, a nominal equilibrium dissociation constant for GM 1 clustering on the POPC bilayer can be extracted. The result gives an apparent value of K d ) ∼1.4 mol % GM 1 for the AFM data, which is a rather close match to the results in Figure 7a . This is strong evidence that GM 1 clustering is correlated to the observed weakening of the equilibrium dissociation constant for the CTB-GM 1 system as a function of glycolipid density.
Although, the clustering hypothesis is consistent with the AFM results, an electrostatic repulsion hypothesis was also considered to explain the data in Figure 4 . It should be noted, however, that an electrostatic effect seems implausible on several grounds. First, electrostatic repulsion between the negatively charged GM 1 glycolipids and the CTB proteins would probably not be expected to show the type of saturation behavior found in Figure 4 . Moreover, the Debye length is already rather short at the salt concentration employed in these experiments (∼0.8 nm for 150 mM NaCl). 52 This means that an incoming CTB molecule should not experience significant electrostatic repulsion from the charge on the membrane. Nevertheless, we wished to test the electrostatic hypothesis. To do this, we monitored CTB binding in the presence of PBS buffer with a higher NaCl concentration (300 mM). Under these conditions one might expect the apparent dissociation constant to tighten if electrostatic repulsion were playing a significant role in the effects observed in Figure 4 . Our results, however, showed no evidence for a change in the binding constant at higher salt concentration. This was true even when 10.0 mol % GM 1 was present in the membrane. In fact, K H was measured to be 0.62 nM for 10.0 mol % GM 1 in the presence of 300 mM NaCl. This value is identical within experimental error to the value obtained in Table 1 with 150 mM NaCl (0.59 nM). Illustrative data are shown in Figure 8 . This plot shows the line profile of the fluorescence intensity across a seven-channel microfluidic device containing POPC membranes with 10.0 mol % GM 1 . The first three channels show data at various concentrations of CTB in the presence of PBS buffer with 300 mM NaCl, while the last three channels are for the identical conditions, but employing buffer with 150 mM NaCl. As can be seen, the fluorescence intensities are virtually unaffected by the increase in salt.
Discussion
The effect of ligand density on CTB-GM 1 binding presented here is opposite to that which would be predicted by a simple noncooperative sequential binding model (eq 1). In the absence of interacting ligands, steric/allosteric effects, or other related phenomena, one would expect that increasing ligand density at the membrane interface would strengthen ligand-receptor binding as was previously found in the case of antibody-antigen interactions. 28 Herein, however, increased GM 1 density in the phospholipid membrane actually led to a weakening of the apparent equilibrium binding constant. This effect is almost certainly caused by interactions between the ganglioside molecules, which induced GM 1 clustering on the solid-supported phospholipid membranes.
The crystal structure of the CT-GM 1 binding complex has been investigated by Merritt, 53 and isothermal titration calorimetry investigations have been performed by Turnbull. 54 These studies show that the binding-site specificity of cholera toxin for GM 1 arises from recognition of the sialic acid, terminal galactose, and N-acetylgalactosamine moieties. Specifically, the majority of CTB-GM 1 interactions involve hydrogen bonds (H-bonds) to the sugar hydroxyl groups. The clustering found in our AFM images suggests that at least some of these moieties may be involved in H-bond formation with neighboring GM 1 molecules. This idea is further supported by electron paramagnetic resonance spectroscopy experiments of GM 1 in phospholipid membranes, which indicated that the oligosaccharide head group is capable of forming intermolecular H-bonds. 55 Hydrogen bonding between membrane-bound GM 1 molecules in model membranes has also been suggested on the basis of freeze- .0 nM, 0.6 nM, and 0.12 nM CTB were made containing 300 mM NaCl. These solutions were flowed through the first three channels, respectively. Similar samples in the reverse order with 150 mM NaCl were flowed through the last three channels. The channel in the middle was filled with PBS buffer and used as a reference for determining the background level.
etch electron microscopy. 56 In the present experiments, such lateral interactions should effectively compete with the binding of the CTB proteins. Moreover, the crowding of the GM 1 molecules may limit CTB binding on steric grounds. The putative mechanism for these effects is presented in Figure 1 . It is interesting to note that previous studies have concluded that GM 1 -enriched lipid raft domains are needed to ensure maximal binding of CT to the cell surface. 57, 58 Wolf et al. 59 proposed that toxin-induced signal transduction depends on the coupling of CT with GM 1 -enriched caveolae or caveolae-like membrane domains. No results to date, however, have shown stronger binding of CT to GM 1 -enriched raft domains. The results in this paper indicate that GM 1 domain clustering may not strengthen toxin-ligand interactions. Rather, higher GM 1 concentrations would simply lead to greater number densities of toxin molecules bound in these locations. It should be noted, however, that cell membranes typically included other lipids such as sphingolipids and cholesterol which could possibly play a role in GM 1 presentation and, hence, in the thermodynamics of cholera toxin binding.
Conclusion
Systematic studies of multivalent CTB-GM 1 interactions were undertaken as a function of ligand density by using a microfluidic strategy in conjunction with TIRFM. CTB bound more weakly at higher ligand densities, and this observation was ascribed to the clustering of GM 1 in the phospholipid bilayer. AFM results supported this hypothesis. Furthermore, characteristic equilibrium dissociation constant measurements for GM 1 clustering on solid-supported phospholipid membranes were determined.
